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(57) ABSTRACT

A fingerprint ridge image synthesis system, configured to
accurately extract the shape of the ridges contained in a fin-
gerprint image and clearly reproduce the fingerprint of the
fingerprint image on an image, includes: a ridge pixel param-
eter calculation unit that calculates parameter values includ-
ing wavelet phase, ridge angle, and inter-ridge distance cor-
responding to each pixel by means of applying continuous
wavelet conversion with respect to the gradient of each pixel
contained in the fingerprint image; a label optimization pro-
cessing unit that optimizes/converts the parameter values cor-
responding to each pixel to values indicating the mutual con-
tinuity with the parameter values in surrounding pixels; and a
ridge image generation unit that generates the ridge image by
means of converting each pixel gradient in the fingerprint
image on the basis of the optimal value.
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1
FINGERPRINT RIDGE IMAGE SYNTHESIS
SYSTEM, FINGERPRINT RIDGE IMAGE
SYNTHESIS METHOD, AND PROGRAM
THEREOF

CROSS REFERENCE TO RELATED PATENT
APPLICATIONS

This application is a National Stage Entry of International
Application No. PCT/JP2013/063665, filed May 16, 2013,
which claims priority from Japanese Patent Application No.
2012-114407. filed May 18, 2012. The entire contents of the
above-referenced applications are expressly incorporated
herein by reference.

TECHNICAL FIELD

The present invention relates to a fingerprint ridge image
synthesis system which performs fingerprint matching of fin-
gerprints based on the fingerprint ridge structures and, more
specifically, relates to a fingerprint ridge image synthesis
system, a fingerprint ridge image synthesis method, and a
program thereof for clarifying fingerprint ridges and synthe-
sizing fingerprint ridge images.

BACKGROUND ART

In general, a fingerprint matching system always requires a
fingerprint image reproduction device which, prior to execut-
ing fingerprint matching processing, extracts fingerprint
ridges from a fingerprint image as the matching target and
clearly reproduces a fingerprint ridge images showing the
shapes of the fingerprint ridges.

In that case, normally, when extracting the fingerprint
ridges, first, a region of the fingerprint image to be the target
is specified, the distances between the neighboring ridges are
measured, the streaked pattern formed by the ridges is
handled as a plane wave, and “Short-time Fourier Transform
(referred to as “STFT” hereinafter)” or discrete wavelet trans-
form is used thereupon to execute processing for clarifying
the fingerprint ridges contained within the fingerprint image.
This makes it possible in the region of low ridge quality where
the ridge shape is unclear within the fingerprint image to
interpolate the fingerprint ridges and to execute extraction of
a minute ridge structure of smaller inter-ridge distances than
a specific value, etc.

It is possible to interpolate the ridge shape regarding the
part where the ridge in the fingerprint image is intermittent in
a case where the ridge image is extracted by using Fourier
transform on the fingerprint image. On the other hand, in a
minutia such as an end point where the fingerprint ridge is
intermittent or a bifurcation where the fingerprint image is
branched, the ridges may be connected in some cases due to
the property of Fourier transform so that the minutia may
become ruined.

Further, also in a case where the ridge image is extracted by
using analysis of the fingerprint image by using discrete
wavelet transform, the ridge shape cannot be captured and
presented accurately in a fingerprint region where a region of
a minute characteristic with a small inter-ridge distance and a
region with a large inter-ridge distance are mixed.

As a related technique thereof, there is known a system
which executes extraction of the ridge shape by using discrete
wavelet transform through performing frequency tuning for
each block region set within a fingerprint image for capturing
the inter-ridge distance of the minute structure within the
fingerprint image (Patent Document 1).
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Patent Document 1: Japanese Unexamined Patent Publica-

tion 2004-127062

However, while it is possible with the related technique
disclosed in Patent Document 1 described above to acquire
the distances regarding the entre ridges within the target block
region, it is not possible to accurately capture the changes in
the distances between the ridges in a pixel level, i.e., it is not
possible to accurately capture the minute structure of the
ridges in the region where the minute ridges of different
inter-ridge distances are contained.

In particular, the minute structure of the ridges cannot be
captured often in a case where the regions of wide inter-ridge
distance (ridge pitch) and the regions of narrow inter-ridge
distance exist in a mixed manner. Thus, the ridge structure is
spoiled in the ridge image reproduced based on the result of
such analysis.

Further, the accuracy of the fingerprint matching process-
ing which performs the short-time Fourier transform (STFT)
and the discrete wavelet transform described above depends
on the extraction accuracy of the minute minutiae. Therefore,
when the ridge structure is spoiled, the accuracy of the fin-
gerprint matching becomes extremely deteriorated.

It is therefore an object of the present invention to provide
afingerprint ridge image synthesis system, a fingerprint ridge
image synthesis method, and a program thereof, which can
improve the shortcomings of the above-described related
technique and accurately extract the ridge shapes contained in
unclear fingerprint images thereby to synthesize the finger-
print image in a relatively clear manner.

DISCLOSURE OF THE INVENTION

In order to achieve the foregoing object, the fingerprint
ridge image synthesis system according to the present inven-
tion is characterized as a fingerprint ridge image synthesis
system which includes an image synthesis main unit which
extracts ridge shapes contained in a fingerprint image and
synthesizes a ridge image of the fingerprint image based
thereupon, wherein the image synthesis main unit includes: a
wavelet setting unit which sets different wavelet wavelength
(») and wavelet angle (0) as parameter values of wavelets and
also sets combinations thereof as parameter sets by corre-
sponding to gradient of each pixel of the fingerprint image; a
continuous wavelet transforming unit which performs con-
tinuous wavelet transform processing on partial regions
within the fingerprint image corresponding to each of the
pixels based on each of the different parameter sets; a ridge
pixel parameter calculation unit which calculates consistency
between the wavelets corresponding to each of the parameter
sets and ridge shapes in each of the partial regions, and
determines the parameter set of the highest consistency as the
parameter set corresponding to each of the pixels; a label
optimization processing unit which updates/converts the
parameter values of the parameter set of each of the pixels and
each of neighboring pixels neighboring to those pixels to
optimal values with which mutual continuity of the parameter
values becomes optimum; and a ridge image generation unit
which synthesizes the ridge image by setting gray-scale val-
ues of each corresponding pixel based on the parameter sets
constituted with the optimal values.

Further, in order to achieve the foregoing object, the fin-
gerprint ridge image synthesis method according to the
present invention is characterized as a fingerprint ridge image
synthesis method used in a fingerprint ridge image synthesis
system including an image synthesis main unit which extracts
ridge shapes contained in a fingerprint image and synthesizes
a ridge image of the fingerprint image based thereupon, and
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the method includes: setting different wavelet wavelength (A)
and wavelet angle (0) as parameter values of wavelets and
also sets combinations thereof as parameter sets by corre-
sponding to gradient of each pixel of the fingerprint image;
performing continuous wavelet transform processing on par-
tial regions within the fingerprint image corresponding to
each of the pixels based on each of the different parameter
sets; calculating consistency between the wavelets corre-
sponding to each of the parameter sets and ridge shapes in
each of the partial regions, and determining the parameter set
of'the highest consistency as the parameter set corresponding
to each of the pixels; updating the parameter values of the
parameter sets of each of the pixels and each of neighboring
pixels neighboring to those pixels to optimal values with
which mutual continuity of the parameter values becomes
optimum; and generating the ridge image by setting gray-
scale values of each corresponding pixel based on the param-
eter sets constituted with the optimal values, wherein each of
those action steps is executed successively by the image syn-
thesis main unit.

Furthermore, in order to achieve the foregoing object, the
fingerprint ridge image synthesis program according to the
present invention is characterized as a fingerprint ridge image
synthesis program used in a fingerprint ridge image synthesis
system including an image synthesis main unit which extracts
ridge shapes contained in a fingerprint image and synthesizes
a ridge image of the fingerprint image based thereupon, and
the program causes a computer provided to the image syn-
thesis main unit to execute each of: a wavelet setting function
which sets different wavelet wavelength (A) and wavelet
angle (0) as parameter values of wavelets as well as combi-
nations thereof by corresponding to gradient of each pixel of
the fingerprint image; a continuous wavelet transforming
function which performs continuous wavelet transform pro-
cessing on partial regions within the fingerprint image corre-
sponding to each of the pixels based on each of the different
parameter sets; a ridge pixel parameter calculating function
which calculates consistency between the wavelets corre-
sponding to each of the parameter sets and ridge shapes in
each of the partial regions, and determines the parameter set
of'the highest consistency as the parameter set corresponding
to each of the pixels; a label optimization processing function
which updates the parameter values of the parameter sets of
each of the pixels and each of neighboring pixels neighboring
to those pixels to optimal values with which mutual continu-
ity of the parameter values becomes optimum; and a ridge
image generating function which generates the ridge image
by setting gray-scale values of each corresponding pixel
based on the parameter sets constituted with the optimal
values.

The present invention is structured in the manner described
above. According to that, the present invention can provide
the excellent fingerprint ridge image synthesis system, the
fingerprint ridge image synthesis method, and the program
thereof, which are not found in the existing related techniques
and are capable of accurately extracting the ridge shapes
contained in unclear fingerprint images and capable of syn-
thesizing (reproducing) the fingerprint images in a relatively
clear manner thereby through having the ridge pixel param-
eter calculation unit which calculates the parameter values
including the inter-ridge distances corresponding to each
pixel, the ridge angles, and the wavelet phases by applying
continuous wavelet transform for the gradients of each pixel
contained in the fingerprint images and the label optimization
processing unit which performs optimizing conversion on the
parameter values corresponding to each pixel to the values
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that show the mutual continuity with respect to the parameter
values of the surrounding pixels.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic block diagram showing an embodi-
ment of a fingerprint ridge image synthesis system according
to the present invention;

FIG. 2 is a schematic block diagram showing an example of
the inside structure of a ridge pixel parameter calculation unit
of the fingerprint ridge image synthesis system disclosed in
FIG. 1,

FIG. 3 is a schematic block diagram showing an example of
the inside structure of a label optimization processing unit of
the fingerprint ridge image synthesis system disclosed in F1G.
1

FIG. 4 is a flowchart showing the entire actions of the
fingerprint ridge image synthesis system disclosed in FIG. 1;

FIGS. 5A and 5B show a part of a fingerprint image input-
ted to the fingerprint ridge image synthesis system disclosed
in FIG. 1, in which FIG. 5A is a fragmentary enlarged view
showing a partial region of the fingerprint image and FI1G. 5B
is an explanatory view showing an example of a ridge image
that is generated based on the result acquired by performing
calculations of ridge pixel parameters on FIG. 5A;

FIGS. 6A-6C show a part of another fingerprint image
inputted to the fingerprint ridge image synthesis system dis-
closed in FIG. 1, in which FIG. 6A is an explanatory view
showing a fingerprint image at the time of input, FIG. 6B is an
explanatory view showing an example of a ridge image that is
generated based on the result acquired by performing calcu-
lations of ridge pixel parameters on FIG. 6A, and FIG. 6C is
an explanatory view showing an example of a fingerprint
image that is generated based on the result acquired by per-
forming label optimization processing on FIG. 6B;

FIGS. 7A-7C show a part of another fingerprint image
inputted to the fingerprint ridge image synthesis system dis-
closed in FIG. 1, in which FIG. 7A is an explanatory view
showing a fingerprint image at the time of input, FIG. 7B is an
explanatory view showing an example of a ridge image that is
generated based on the result acquired by performing calcu-
lations of ridge pixel parameters on FIG. 7A, and FIG. 7C is
an explanatory view showing an example of a fingerprint
image that is generated based on the result acquired by per-
forming label optimization processing on FI1G. 7B;

FIG. 8 is an explanatory chart showing the content of
actions for selecting a wavelet set in the fingerprint ridge
image synthesis system disclosed in FIG. 1; and

FIG. 9 is an explanatory chart showing an image of mes-
sage propagation performed between each of the pixels in the
fingerprint ridge image synthesis system disclosed in FIG. 1
by using a belief propagation method.

BEST MODES FOR CARRYING OUT THE
INVENTION

(Embodiment)

Next, an embodiment of the present invention will be
described by referring to FIG. 1 to FIG. 9. A basic structural
content of a fingerprint ridge image synthesis system accord-
ing to the embodiment will be described first, and a specific
content thereof will be described thereafter.

As shown in FIG. 1, a fingerprint ridge image synthesis
system 10 according to the embodiment includes: a finger-
print image input unit 11 which acquires a fingerprint image
inputted from outside and stores it to a storage unit (not
shown); an image synthesis main unit 10A which extracts
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ridge shapes contained in the fingerprint image and synthe-
sizes a ridge image; and a ridge image data output unit 16
which outputs the ridge image synthesized by the image
synthesized main unit 10A.

Note here that the image synthesis main unit 10A is con-
stituted by including: a wavelet setting unit 12 which sets
different wavelet wavelengths (A), wavelet angles (6) which
are parameter values of wavelets, and parameter sets which
are combinations thereof by corresponding to gradients of
each pixel of the fingerprint image; a ridge pixel parameter
calculation unit 13 including a continuous wavelet transform-
ing function for performing continuous wavelet transform
processing based on each of the different parameter sets for
partial regions corresponding to each of the pixels within the
fingerprint image, which calculates consistency between the
wavelets corresponding to each of the parameter sets and the
ridge shapes in each of the partial regions, and determines the
parameter set exhibiting the consistency of highest degree as
the parameter set corresponding to each of the pixels; a label
optimization processing unit 14 which updates/converts the
parameter values of the parameter sets of each of the pixels
and each of neighboring pixels located neighboring to that
pixel to optimal values as values with which the mutual con-
tinuity of the parameter values become optimum; and a ridge
image generation unit 15 which synthesizes the ridge images
by setting gradient values of each of corresponding pixels
based on the parameter set constituted with the optimal val-
ues.

Thus, with the embodiment, the ridge pixel parameter cal-
culation unit 13 and the label optimization processing unit 14
effectively function in the manner described later. Therefore,
it is possible to accurately extract the shapes of the ridges
contained in an unclear fingerprint image, so that a relatively
clear fingerprint ridge image can be synthesized (reproduced)
thereby.

Note here that the above-described label optimization pro-
cessing unit 14 is structured by including an update value
calculating function which calculates the reliability regarding
the parameter values of each of the pixels described above
based on the parameter values of the neighboring pixels and
calculates the optimal values of each of the pixels based on a
difference in the reliability calculated by corresponding to the
neighboring pixels.

Further, the wavelet setting unit 12 includes a wavelet
region variable setting function which variably sets the size of
the partial regions as the calculation target of the consistency
by setting decay distance (t) of the wavelet as the parameter
value of the wavelet.

Furthermore, the wavelet setting unit 12 includes an oval
wavelet setting function which performs the continuous
wavelet transform processing by applying oval wavelets con-
stituted with different decay distances for the partial region
having equal to or larger than a specific value for the curvature
of ridge in the fingerprint image described above.

Hereinafter, this will be described in more details.

First, the wavelet setting unit 12 sets a plurality of different
wavelets by having each of the pixels constituting the inputted
fingerprint image as the targets.

Specifically, the wavelet setting unit 12 sets the parameter
set constituted with the wavelength (A) of the wavelet, the
angle (0) of the wavelet, and the distance (decay distance:
referred to as “v” hereinafter) for which the amplitude of the
wavelet becomes equal to or less than a specific value by
corresponding to a given pixel (referred to as target pixel)
which constitutes the fingerprint image.

The wavelet setting unit 12 sets the parameter set by cor-
responding to all the pixels constituting the fingerprint image.
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The set wavelet herein is in a circular form. Further, it is to
be noted that the decay distance (life (t)) of the wavelet shows
the radius of each set wavelet.

In the embodiment, the above-described three kinds of
values show different values contained within respective spe-
cific ranges. That is, the parameters can be set for a finite
number of units (kinds) discretely.

Further, the wavelet setting unit 12 sets a wavelet image
which corresponds to a combination of discrete values
acquired by increasing/decreasing each parameter. Note here
that the size of the wavelet shows the size of the region as the
target for measuring the consistency within the fingerprint
image corresponding to the target pixel, and it is determined
by the value of T (radius).

Note here that C showing the number of wavelets set by
corresponding to each pixel is defined by (Formula 1) in the
followings.

(Expression 1)
C = (Number of kinds of radius(r) of wavelets to be set) X (Formula 1)
(Number of directions(6) of wavelets to be set) X
(Number of kinds of wavelengths
(A) of wavelets to be set)

The wavelet setting unit 12 may be structured to set an oval
wavelet containing different T (e.g., t1 and t2) as the shape of
the wavelet to be set.

This makes it possible to set the wavelet with a still higher
consistency for a region where the curvature of the fingerprint
ridges within the fingerprint image is high, for example,
through setting the oval wavelet by having the direction of the
ridge as the major axis and the direction perpendicular to the
ridge direction as the minor axis in that region.

Thereby, even in the region where the curvature of the
fingerprint ridges is high, it becomes possible to acquire the
wavelet set with a high consistency that is same as the case of
the stable region where the curvature of the fingerprint ridges
is low.

The ridge pixel parameter calculation unit 13 includes a
continuous wavelet transform processing module 131 (FIG.
2) which performs continuous wavelet transform processing
on the fingerprint image by a pixel unit (by corresponding to
each pixel), and calculates to detect which parameter set has
high consistency with the ridge structure of the fingerprint
pixel region having the target pixel as the center among the C
pieces of the parameter sets (A, 0, T) set by corresponding to
each pixel.

The continuous wavelet transform processing module 131
performs a convolution calculation (continuous wavelet
transform processing) by using the ¢ pieces of wavelets cor-
responding to each of the C pieces of parameter sets for the
regions (referred to as the target-pixel regions) corresponding
to each of the target pixels in the fingerprint image.

Note here that a ridge consistency evaluation module 132
of'the ridge pixel parameter calculation unit 13 calculates the
consistency between each of the wavelets determined by the
parameter sets and the target-pixel region. The consistency
shows the degree of consistency between the ridge shape of
the target-pixel region and the waveform shape (wavelet
shape) of the wavelet image.

Further, the ridge consistency evaluation module 132 cal-
culates the energy value (E) that is the intensity of the
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response of each wavelet for the corresponding target-pixel
region (i.e., the consistency of the ridge shape for the wave-
let).

Through the above-described processing executed by the
ridge pixel parameter calculation unit 13, a combination (pa-
rameter set) containing the ridge wavelength (A), the angle
(0), and the waveform life (t) of the ridge corresponding to
each pixel constituting the fingerprint image can be derived.

When a part where the wavelet matches the ridge shape is
contained as a result of executing the convolution calculation
for the target-pixel region (e.g., region of the radius t) by
using each wavelet, the consistency (energy: E) showing the
degree of consistency is calculated by corresponding to each
wavelet.

The continuous wavelet transform processing module 131
variably sets the size of the wavelet, i.e., the size of the region,
by using the values acquired by increasing/decreasing t as the
size of the radius of the wavelet (life of the wavelet) within a
specific range.

Note here that the waveform with the short life (t) (small
wavelet) is considered to be suited for capturing the ridge
shape in the image region smaller than a specific value. Thus,
it is possible to extract the ridge shape within the fingerprint
image when continuous wavelet transform is applied to the
fingerprint region containing different inter-ridge distances,
for example.

Further, when the wavelet of long waveform life (t) is
applied (i.e., a case where the applied range of wavelet trans-
form is wide), it is highly possible that a part where the
wavelength (A) and the angle (6) of the wavelet match is
contained within the range of the applied wavelet. Thereby, it
is possibleto set the wavelet (label) of still higher consistency.

Note here that when more parts where the wavelet and the
ridge shape are consistent are contained within the range of
applied CWT (continuous wavelet transform) in the finger-
print image, it is judged that the consistency (consistency
energy) between the CWT applied range and the wavelet is
high in the fingerprint image.

That is, even in a case where the applied range of continu-
ous wavelet transform is narrow so that the consistency
between the wavelet and the fingerprint image is lower than
the specific value (or 0), it is possible to have the ridge part
consistent with the wavelet contained within the applied
range through widening (setting the value of T to be a large
value herein) the applied range of continuous wavelet trans-
form. In that case, it is possible to acquire the wavelet of high
consistency (energy: E).

This makes it possible to set the wavelet with the consis-
tency of equal to or more than the specific value even with an
image region of a low fingerprint image quality in general
such as aridge region where omission of ridges and curvature
are high and a region where dispersion of inter-ridge dis-
tances is high.

Further, as shown in FIG. 8, the ridge consistency evalua-
tion module 132 determines the wavelet (i.e., parameter set)
of the highest consistency among the C pieces of consisten-
cies when the consistencies between each of the C pieces of
wavelets and the target-pixel regions are calculated as the
parameter set corresponding to the target pixel.

Further, the ridge consistency evaluation module 132 sets
the phase (¢) corresponding to each parameter set within a
specific value range and thereby determines the value of the
phase (¢) with which the consistency value becomes the
highest.

Further, the ridge consistency evaluation module 132 con-
siders the C pieces of parameter sets corresponding to each
pixel in the ridge image as the C pieces of labels, and selects

10

15

20

25

30

35

40

45

50

55

60

65

8

the parameter set whose degree of consistency (E: ridge con-
sistency) with respect to the ridge structure is the highest
among those labels as a consistent parameter set (a consistent
parameter set determining function).

Note here that the continuous wavelet transform process-
ing module 131 and the ridge consistency evaluation module
132 determine the label (parameter set) of the high consis-
tency corresponding to each pixel through performing calcu-
lation processing based on Formulae 2 to 5.

(Expression 2)

W (T) = exp(—mITP +i2xTx) (Formula 2)
—ma”[(x - bx)* + (y— by)z] +
=exp
i2ra" [(bx — x)cosd + (by — y)sind]
=L{b-x)
£(x) = exp[-ma 2 (x* + y*) +i2ra " (xcosh + ysind)] (Formula 3)
wherein (Formula 4)
B 1
=2
(W0+\/2+ W§ )/I
a= T
(Wy is constant)
Wb, a, 0) = a’”ﬁl(x) YT dPx
= a’”ﬁl(x)-g”(b —xd*x
(Formula 5)

ImW(b, a, 6) ]

o -1
$b) = ¢ = tan (ReW(b, a, 0) — Io(7w /m)exp(—72 [m)

Note here that W in Formula 4 is calculated as a complex
number. Further, Im and Re in Formula 5 shows the imaginary
part and the real part of the complex number W, respectively.
Furthermore, thick letter b in Formulae 2 to 5 shows the
position of the pixel in the image (i.e., coordinate value), and
1(x) in Formula 4 shows the value of each pixel in the starting
image.

In the region within the fingerprint image where the ridges
are expressed uniformly clearly, normally, when the ridge
consistency evaluation module 132 selects the parameter set
(combination) of each pixel with which E becomes the high-
est as the combination value (consistent parameter set), it is
possible to transform the fingerprint image to a ridge image of
fine visibility by using the parameter set.

For example, FIG. 5B shows an example of the ridge image
generated based on the consistent parameter sets of each of
the pixels through applying the optimal parameter set select-
ing function on the region of the fingerprint image where the
ridges are shown uniformly clearly as shown in FIG. 5A.

In the image shown in FIG. 5B, the parameter set (combi-
nation) with which the ridge consistency (E) becomes high is
selected as the consistent parameter set as described above.
Thus, it shows that the ridge image of fine ridge visibility is
effectively extracted from the fingerprint image.

In the region whose fingerprint quality is lower than a
specific value contained in an actual fingerprint image, it is
necessary to evaluate whether or not there is inconsistency in
the continuity of different parameter sets by comparing the
target pixel with the parameter sets corresponding to each of
the pixels (surrounding pixels) in the surrounding regions.
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Further, there is a case where the parameter sets corre-
sponding to each of the pixels calculated by the ridge pixel
parameter calculation unit 13 may not be the best parameter
values required for generating the ridge image. Thus, in the
embodiment, processing for updating the calculated param-
eter set by using CWT is executed by using the belief propa-
gation method as shown in the followings.

This makes it possible to calculate the parameter set for
extracting the ridge image accurately from the fingerprint
image.

The label optimization processing unit 14 includes a
parameter continuity evaluation module 141 (FIG. 3) which
acquires the parameter values of the neighboring pixels (four
neighboring pixels vertically and laterally) by corresponding
to each pixel. The parameter continuity evaluation module
141 stores the label for the vertically and laterally neighbor-
ing pixels by corresponding to each pixel while taking the
parameter set (label) determined by corresponding to each
pixel regarding the target pixel and the surrounding pixels as
the initial value.

Further, the label optimization processing unit 14 includes
a parameter value conversion module 142 (FIG. 3) which
converts the calculated values of the parameter sets corre-
sponding to each pixel so that the differences of the parameter
sets (A, 0, T) between the neighboring pixels change continu-
ously (i.e., the continuity can be maintained).

Note here that the parameter value conversion module 142
compares the parameter sets of the target pixel and the sur-
rounding pixels, and determines the parameter set (referred to
as “optimum label value”) corresponding to each pixel where
continuous fluctuation in the pitch between the pixels in the
entire image, angle, and the phase is maintained.

Thereby, the parameter value conversion module 142
updates the values to the values with which the continuity
(connection property) can be maintained so that the differ-
ence between the values of the parameter sets corresponding
to each of the neighboring pixels is suppressed within a spe-
cific value.

The fingerprint image normally exhibits such a character-
istic that the parameter sets A (wavelength), 0 (angle), ¢
(phase)) of each of different pixels in the image continuously
and smoothly change between the neighboring pixels.

Thus, in the embodiment, the parameter value conversion
module 142 performs processing for converting the label
values of the parameter sets corresponding to each pixel to the
label values exhibiting the connecting property (no disconti-
nuity) between the neighboring pixels by using the belief
propagation method.

The parameter value conversion module 142 specifically
performs conversion of the label values of each pixel such that
the cost function E(f) becomes O (or approximated to O as
much as possible) as the entire image through performing the
processing based on following functions (Formula 6 and For-
mula 7).

(Expression 3)

F la6
B =Y Do+ 3 Wi fa) (Formula ©

peP

Dp(fp) shows a value (penalty value) showing a difference
between a reference value and a value acquired by adding
another label value to a label value (reference value) set by
corresponding to the target pixel, and W(fp, fq, fr) shows a
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difference value of a probability value (fp, fq, fr) sent from
three neighboring pixels (p, g, 1).

Here, the parameter value update action content by the
belief propagation method will be described by referring to
the explanatory chart shown in FIG. 9.

By corresponding to the target pixel, the label optimization
processing unit 14 updates the label value of the target pixel
based on the probability value that is calculated based on the
label values of the neighboring pixels.

At this time, based on the content of the message contain-
ing the probability values propagated from the three neigh-
boring pixels as shown in FIG. 9, the label optimization
processing unit 14 calculates the probability value showing
the likelihood of the parameter value of the remaining one
neighboring pixel, and informs the probability value (referred
to as label value confident degree) to the remaining one neigh-
boring pixel as a message.

The processing for calculating, informing, and storing the
label value confident degree is all executed by the parameter
value conversion module 142.

The parameter value conversion module 142 performs cal-
culation of the label value confident degree (m) contained in
the massage based on the function shown in (Formula 7)
below.

(Expression 4)

> m(p)

. F la7
s o(f2) = rmn(V(fp — f) + Dplf) + ] (Formula7)
» NP

Note here that m in (Formula 7) shows the probability value
calculated based on the message content informed from the
neighboring pixels of each pixel. Further, Dp and V in (For-
mula 7) correspond to Dp and W in (Formula 6) mentioned
above, respectively.

The label optimization processing unit 14 calculates each
label value confident degree of each pixels based on the label
value confident degree informed from the corresponding
neighboring pixel, and updates to the label value with the
highest continuity between the label value corresponding to
each pixel (target pixel) and the label value (neighboring label
value) of the neighboring pixel.

The label optimization processing unit 14 may be set to
calculate the penalty value (e.g., when the changing rate
between the label values is high, the penalty value becomes
still higher) showing the discontinuity with respect to the
neighboring label value by corresponding to each label value
confident degree.

Thereby, each label value (neighboring label value) corre-
sponding to each pixel is updated to the label value with the
highest continuity in the entire image through updating each
label value in such a manner that the penalty value becomes
the minimum value (ideally 0).

Further, notification of the message containing the prob-
ability value is executed by the parameter continuity evalua-
tion module 141 all at once for each of the neighboring pixels
in the entire pixels constituting the fingerprint image. Each
message notification executed all at once is taken as one
generation and defined as the value of t in (Formula 7) men-
tioned above. That is, the value of t shows the number of
message notifications executed all at once in the entire fin-
gerprint image.

The parameter value conversion module 142 updates the
label value based on the probability value in the message
informed by corresponding to each pixel, and calculates the
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label value of each pixel with which the value of m in (For-
mula 7) becomes the minimum as the final output value.

Thereby, the label value is updated based on the informed
message while expanding (propagating) the referring range
for calculating the optimal value from the local region includ-
ing the surrounding pixels of the target pixel to the wider
region of the surroundings thereof and further to the entire
fingerprint image regarding each of the entire pixels of the
fingerprint image. Therefore, the label value determined at
last can be the value showing the optimal value of the conti-
nuity (connecting property) in the label values between each
of the pixels.

Specifically, the parameter value conversion module 142
performs calculation of the optimum label value by using the
belief propagation method (BP).

Thereby, the parameter optimization processing unit 14
determines the continuous parameter set values having no
inconsistency in the continuity between each of the pixels in
the entire image regions.

The ridge image generation unit 15 generates the ridge
image through performing processing for determining the
gray-scale values of each of the corresponding pixels based
on the calculation result of the optimum label values (param-
eter sets). Thereby, the ridge image can be synthesized in
which the shapes of the fingerprint ridges are extracted from
the fingerprint image.

Further, the ridge image generation unit 15 may be set to
synthesize the ridge image by converting the gradients of
each of the pixels of the fingerprint image.

As described above, the fingerprint ridge image synthesis
system 10 as the embodiment can extract the ridge shapes
accurately even from the fingerprint image in which the nar-
row inter-ridge distance part and the wide inter-ridge distance
part exist in a mixed manner and, further, can synthesize the
ridge image in which the ridge shapes within the fingerprint
image are extracted accurately by effectively interpolating
the ridge in the region where the ridge is unclear through
executing the processing in which the continuous wavelet
transform (CWT) and the belief propagation method (BP) are
combined on the parameter values of each of the pixels in the
fingerprint image.

(Explanations Regarding Actions of Embodiment)

Next, actions of the embodiment will be described.

Basic procedures of the actions will be described first and,
thereafter, specific actions will be described in order.

First, the wavelet setting unit 12 of the image synthesis
main unit 10A sets the different wavelet wavelength (A) and
wavelet angle (0) as the parameter values of the wavelets and
the parameter sets as the combination thereof by correspond-
ing to the gradients of each of the pixels of the fingerprint
image described above (a parameter set setting step).

Subsequently, the ridge pixel parameter calculation unit 13
performs the continuous wavelet transform processing on the
partial regions within the fingerprint image corresponding to
each of the pixels based on each of the different parameter
sets, calculates the consistency between the wavelets corre-
sponding to each of the parameter sets and the ridge shapes in
each of the partial regions, and determines the parameter set
of'the highest consistency as the parameter set corresponding
to each of the pixels (a ridge pixel parameter calculating step).

Then, the label optimization processing unit 14 updates/
converts the parameter values of the parameter sets of each of
the pixels and each of the neighboring pixels neighboring to
those pixels to the optimization values as the values with
which the mutual continuity of the parameter value becomes
the optimum (a label optimization determining step).
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Subsequently, the ridge image generation unit 15 functions
based on the parameter sets constituted with the optimal
values to set the gray-scale values of each of the correspond-
ing pixels for generating the ridge image (a ridge image
synthesizing step).

Note here that the action contents of each of the action steps
including each action step to be described later may be put
into a program to be executed by a computer that is provided
to the image synthesis main unit 10A.

Next, the specific action content of the ridge image synthe-
sis system 10 of the embodiment will be described by refer-
ring to a flowchart of FIG. 4, FIGS. 6A to 6C, and FIGS. 7A
to 7C.

First, the wavelet setting unit 12 sets a plurality of different
wavelets (FIG. 4: step S402) by having each pixel constitut-
ing the inputted fingerprint image (FIG. 4: step S401) as the
target.

Note here that C showing the number of wavelets to be set
by corresponding to each pixel is defined by (Formula 1)
below.

(Expression 1)
C = (Number of kinds of radius(r) of wavelets to be set)x (Formula 1)
(Number of directions(6) of wavelets to be set) X
(Number of kinds of wavelengths
(A) of wavelets to be set)

Then, the continuous wavelet transform processing nodule
131 performs the continuous wavelet transform processing on
the fingerprint image by a pixel unit (by corresponding to
each pixel). Note here that the continuous wavelet transform
processing module 131 performs a convolution calculation
using the C pieces of wavelets corresponding to each ofthe C
pieces of parameter sets for the regions corresponding to each
of the target pixels (referred to as the target-pixel regions) in
the fingerprint image (FIG. 4: step S403/a continuous wavelet
transform applying step).

Then, the ridge consistency evaluation module 132 calcu-
lates the consistency between each of the wavelets deter-
mined by the parameter sets and the target-pixel regions. The
consistency shows the matching degree between the ridge
shape of the target-pixel region and the waveform shape
(wavelet shape) of the wavelet image.

Note here that the ridge consistency evaluation module 132
determines the wavelet (i.e., parameter set) acquiring the
highest consistency among the C pieces of consistencies (re-
sult images) as the parameter set corresponding to the target
pixel when the consistencies between each of the C pieces of
wavelets and the target-pixel regions are calculated as shown
in FIG. 8.

Further, the ridge consistency evaluation module 132 sets
the phase (¢) corresponding to each parameter set within a
specific value range and thereby determines the value of the
phase (¢) with which the consistency value becomes the
highest.

Further, the ridge consistency evaluation module 132 con-
siders the C pieces of parameter sets corresponding to each
pixel in the ridge image as the C pieces of labels, and selects
the parameter set whose degree of consistency (E: ridge con-
sistency) with respect to the ridge structure is the highest
among those labels as a consistent parameter set (FIG. 4: step
S404/an optimization combination selecting step).

Then, the parameter continuity evaluation module 141
acquires the parameter values of the consistent parameter set
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of the neighboring pixels (four neighboring pixels vertically
and laterally) by corresponding to each pixel.

At this time, the parameter continuity evaluation module
141 stores the vertically and laterally neighboring pixels by
corresponding to each pixel while taking the parameter set
(label) determined by corresponding to each pixel regarding
the target pixel and the surrounding pixels as the initial value.

Further, the parameter value conversion module 142 com-
pares the parameter sets of the target pixel and the surround-
ing pixels, and determines the parameter set (referred to as
“optimum label value) corresponding to each pixel where
continuous fluctuation in the pitch between the pixels in the
entire image, angle, and the phase is maintained.

The label optimization processing unit 14 convers the cal-
culated values of the parameter sets corresponding to each of
the pixels such that the differences in the parameter sets A, 6,
¢) change continuously between the neighboring pixels (i.e.,
such that the continuity can be maintained).

Thereby, the parameter value conversion module 142
updates the values of the parameter sets to the values with
which the continuity (connection property) can be maintained
so that the difference between the values of the parameter sets
corresponding to each ofthe neighboring pixels is suppressed
within a specific value.

The parameter value conversion module 142 specifically
performs conversion of the label values of each pixel such that
the cost function E(f) becomes O (or approximated to O as
much as possible) as the entire image through performing the
processing based on a following functions by using the belief
propagation method (Formula 6 and Formula 7).

Here, the content of parameter value updating actions done
by the belief propagation method (FIG. 4: step S405/an opti-
mization label value determining step) will be described by
referring to an explanatory chart shown in FIG. 9.

By corresponding to the target pixel, the label optimization
processing unit 14 updates the label value of the target pixel
based on the probability value that is calculated based on the
label values of the neighboring pixels.

At this time, based on the content of the message contain-
ing the probability values propagated from the three neigh-
boring pixels as shown in FIG. 9, the label optimization
processing unit 14 calculates the probability value showing
the likelihood of the parameter value of the remaining one
neighboring pixel, and informs the probability value (referred
to as label value confident degree) to the remaining one neigh-
boring pixel as a message.

The processing for calculating, informing, and storing the
label value confident degree is all executed by the parameter
value conversion module 142.

The parameter value conversion module 142 performs cal-
culation of the label value confident degree (m) contained in
the massage based on the function shown in (Formula 7)
below.

Note here that m in (Formula 7) shows the probability value
calculated based on the message content informed from the
neighboring pixels of each pixel. Further, Dp corresponds to
Dp in (Formula 6) mentioned above and V corresponds to W
in (Formula 6), respectively.

Further, notification of the message containing the prob-
ability value is executed by the parameter continuity evalua-
tion module 141 all at once for each of the neighboring pixels
in the entire pixel constituting the fingerprint image. Each
message notification executed all at once is taken as one
generation and defined as the value of t in (Formula 7) men-
tioned above. That is, the value of t shows the number of
message notifications executed all at once in the entire fin-
gerprint image.
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The parameter value conversion module 142 updates the
label value based on the probability value in the message
informed by corresponding to each pixel, and calculates the
label value of each pixel with which the value of m in Formula
7 becomes the minimum as the final output value.

Thereby, the label value is updated based on the informed
message while expanding (propagating) the referring range
for calculating the optimal value from the local region includ-
ing the surrounding pixels of the target pixel to the wider
region of the surroundings thereof and further to the entire
fingerprint image regarding each of the entire pixels of the
fingerprint image. Therefore, the label value determined at
last can be the value showing the optimal value of the conti-
nuity (connecting property) in the label values between each
of the pixels.

Specifically, the parameter value conversion module 142
performs calculation of the optimum label value by using the
belief propagation method (BP).

Thereby, the parameter optimization processing unit 14
determines the continuous parameter set values having no
inconsistency in the continuity between each of the pixels in
the entire image regions.

The ridge image generation unit 15 generates the ridge
image through performing processing for determining the
gray-scale values of each of the corresponding pixels based
on the calculation result of the optimum label values (param-
eter sets). Thereby, the ridge image can be synthesized in
which the shapes of the fingerprint ridges are extracted from
the fingerprint image (FIG. 4: step S406/a ridge image gen-
erating step). Further, the ridge image generation unit 15 may
be set to synthesize the ridge image by converting the gradi-
ents of each of the pixels of the fingerprint image.

As described above, the fingerprint ridge image synthesis
system 10 shown in the embodiment can extract the ridge
shapes (ridge structure) accurately even in the fingerprint
region in the vicinity of the minutiae, in the minute structural
region with a small inter-ridge distance, and the fingerprint
region where the narrow inter-ridge distance part and the wide
inter-ridge distance part exist in a mixed manner and, further,
can synthesize the ridge image from which the minutiae con-
tained within the fingerprint image can be detected effectively
by effectively interpolating the ridge omitted part that cannot
be interpolated when normal Fourier transform and discrete
wavelet transform are employed.

The new technical content of the above-described embodi-
ment can be summarized as follows. While a part of or a
whole part of the embodiment described above can be sum-
marized as follows as the new technique, the present inven-
tion is not necessarily limited to those.

(Supplementary Note 1)

A fingerprint ridge image synthesis system which includes
an image synthesis main unit which extracts ridge shapes
contained in a fingerprint image and synthesizes a ridge
image of the fingerprint image based thereupon, wherein

the image synthesis main unit includes:

a wavelet setting unit which sets different wavelet wave-
length (A) and wavelet angle (0) as parameter values of
wavelets and also sets combinations thereof as param-
eter sets by corresponding to gradient of each pixel of the
fingerprint image;

a ridge pixel parameter calculation unit which includes a
continuous wavelet transforming function for perform-
ing continuous wavelet transform processing on partial
regions within the fingerprint image corresponding to
each of the pixels based on each of the different param-
eter sets, calculates consistency between the wavelets
corresponding to each of the parameter sets and ridge
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shapes in each of the partial regions, and determines the
parameter set of the highest consistency as the parameter
set corresponding to each of the pixels;

a label optimization processing unit which updates/con-
verts the parameter values of the parameter sets of each
of'the pixels and each of neighboring pixels neighboring
to those pixels to optimal values with which mutual
continuity of the parameter values becomes optimum;
and

a ridge image generation unit which synthesizes the ridge
image by setting gray-scale values of each correspond-
ing pixel based on the parameter sets constituted with the
optimal values.

(Supplementary Note 2)

The fingerprint ridge image synthesis system as depicted in
Supplementary Note 1, wherein

the label optimization processing unit includes an update
value calculating function which calculates reliability of
the parameter values of each of the pixels based on the
parameter values of the neighboring pixels, and calcu-
lates optimization values of each of the pixels based on
a difference in the reliability calculated by correspond-
ing to the neighboring pixels.

(Supplementary Note 3)

The fingerprint ridge image synthesis system as depicted in
Supplementary Note 1, wherein

the wavelet setting unit includes a wavelet region variable
setting function which variably sets size of partial
regions as calculation targets of the consistency by set-
ting decay distance (t) of the wavelets as the parameter
value of the wavelet.

(Supplementary Note 4)

The fingerprint ridge image synthesis system as depicted in
Supplementary Note 1, wherein

the wavelet setting unit includes an oval wavelet setting
function which performs the continuous wavelet trans-
form processing by applying oval wavelets constituted
with different decay distances for the partial region in
which curvature of the ridge in the fingerprint image is
equal to or more than a specific value.

(Supplementary Note 5)

A fingerprint ridge image synthesis method used in a fin-
gerprint image synthesis system including an image synthesis
main unit which extracts ridge shapes contained in a finger-
print image and synthesizes a ridge image of the fingerprint
image based thereupon, and the method includes:

setting different wavelet wavelength (1) and wavelet angle
(0) as parameter values of wavelets and also sets com-
binations thereof as parameter sets by corresponding to
gradient of each pixel of the fingerprint image;

performing continuous wavelet transform processing on
partial regions within the fingerprint image correspond-
ing to each of the pixels based on each of the different
parameter sets;

calculating consistency between the wavelets correspond-
ing to each of the parameter sets and ridge shapes in each
of' the partial regions, and determining the parameter set
of the highest consistency as the parameter set corre-
sponding to each of the pixels;

updating the parameter values of each of the pixels and
each of neighboring pixels neighboring to those pixels to
optimal values with which mutual continuity of the
parameter values becomes optimum; and

generating the ridge image by setting gray-scale values of
each corresponding pixel based on the parameter sets
constituted with the optimal values, wherein
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each of those action steps is executed successively by the

image synthesis main unit.
(Supplementary Note 6)

A fingerprint ridge image synthesis program used in a
fingerprint image synthesis system including an image syn-
thesis main unit which extracts ridge shapes contained in a
fingerprint image and synthesizes a ridge image of the finger-
print image based thereupon, and the program causes a com-
puter provided to the image synthesis main unit to execute
each of:

a wavelet setting function which sets different wavelet
wavelength () and wavelet angle (0) as parameter val-
ues of wavelets and also sets combinations thereof as
parameter sets by corresponding to gradient of each
pixel of the fingerprint image;

a continuous wavelet transforming function which per-
forms continuous wavelet transform processing on par-
tial regions within the fingerprint image corresponding
to each of the pixels based on each of the different
parameter sets;

a ridge pixel parameter calculating function which calcu-
lates consistency between the wavelets corresponding to
each of the parameter sets and ridge shapes in each ofthe
partial regions, and determines the parameter set of the
highest consistency as the parameter set corresponding
to each of the pixels;

a label optimization processing function which updates the
parameter values of the parameter sets of each of the
pixels and each of neighboring pixels neighboring to
those pixels to optimal values with which mutual conti-
nuity of the parameter values becomes optimum; and

a ridge image generating function which generates the
ridge image by setting gray-scale values of each corre-
sponding pixel based on the parameter sets constituted
with the optimal values.

This Application claims the Priority right based on Japa-
nese Patent Application No. 2012-114407 filed on May 18,
2012 and the disclosure thereof is hereby incorporated by
reference in its entirety.

INDUSTRIAL APPLICABILITY

The present invention can be effectively applied to a fin-
gerprint matching device which performs fingerprint match-
ing by having a fingerprint image containing unclear finger-
print image region such as a latent fingerprint image as the
target.

REFERENCE NUMERALS

10 Fingerprint ridge image synthesis system
10A Image synthesis main unit

11 Fingerprint image input unit

12 Wavelet setting unit

13 Ridge pixel parameter calculation unit
14 Label optimization processing unit

15 Ridge image generation unit

131 Continuous wavelet transform processing module
132 Ridge consistency evaluation module
141 Parameter continuity evaluation module
142 Parameter value conversion module

The invention claimed is:

1. A fingerprint ridge image synthesis system, comprising:

a memory storing instructions;

one or more processors configured to execute the instruc-
tions to:
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set different wavelet wavelength (1) and wavelet angle
(0) as parameter values of wavelets and set combina-
tions of the wavelet wavelength and wavelet angle as
parameter sets by corresponding to gradient of each
pixel of the fingerprint image;

perform continuous wavelet transform processing on
partial regions within the fingerprint image corre-
sponding to each of the pixels based on each of the
different parameter sets, calculate consistency
between the wavelets corresponding to each of the
parameter sets and ridge shapes in each of the partial
regions, and determine the parameter set of the high-
est consistency as the parameter set corresponding to
each of the pixels;

update the parameter values of the parameter sets of each
of'the pixels and each of neighboring pixels neighbor-
ing to those pixels to optimal values with which
mutual continuity of the parameter values becomes
optimum; and

synthesize the ridge image by setting gray-scale values
of each corresponding pixel based on the parameter
sets constituted with the optimal values.

2. The fingerprint ridge image synthesis system according
to claim 1, wherein the one or more processors are further
configured to execute the instructions to:

calculate reliability of the parameter values of each of the

pixels based on the parameter values of the neighboring
pixels, and calculate optimization values of each of the
pixels based on a difference in the reliability calculated
by corresponding to the neighboring pixels.

3. The fingerprint ridge image synthesis system according
to claim 1, wherein the one or more processors are further
configured to execute the instructions to:

variably set sizes of partial regions as calculation targets of

the consistency by setting decay distance (t) of the
wavelets as the parameter value of the wavelet.

4. The fingerprint ridge image synthesis system according
to claim 1, wherein the one or more processors are further
configured to execute the instructions to:

perform the continuous wavelet transform processing by

applying oval wavelets constituted with different decay
distances for the partial region in which curvature of the
ridge in the fingerprint image is equal to or more than a
specific value.

5. A fingerprint ridge image synthesis method used in a
fingerprint ridge image synthesis system including one or
more processors, the method being performed by the one or
more processors and comprising:

setting different wavelet wavelength (1) and wavelet angle

(0) as parameter values of wavelets and setting combi-
nations of the wavelet wavelength and wavelet angle as
parameter sets by corresponding to gradient of each
pixel of the fingerprint image;

performing continuous wavelet transform processing on

partial regions within the fingerprint image correspond-
ing to each of the pixels based on each of the different
parameter sets;

calculating consistency between the wavelets correspond-

ing to each of the parameter sets and ridge shapes in each
of' the partial regions, and determining the parameter set
of the highest consistency as the parameter set corre-
sponding to each of the pixels;

updating the parameter values of the parameter sets of each

of'the pixels and each of neighboring pixels neighboring
to those pixels to optimal values with which mutual
continuity of the parameter values becomes optimum;
and
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generating the ridge image by setting gray-scale values of
each corresponding pixel based on the parameter sets
constituted with the optimal values, wherein

each of those action steps is executed successively by the
one Or More processors.

6. A non-transitory computer readable recording medium
storing instructions for fingerprint ridge image synthesis the
instructions causing one or more processors to execute each
of:

a wavelet setting function which sets different wavelet
wavelength () and wavelet angle (0) as parameter val-
ues of wavelets and setting combinations of the wavelet
wavelength and wavelet angle as parameter sets by cor-
responding to gradient of each pixel of the fingerprint
image;

a continuous wavelet transforming function which per-
forms continuous wavelet transform processing on par-
tial regions within the fingerprint image corresponding
to each of the pixels based on each of the different
parameter sets;

a ridge pixel parameter calculating function which calcu-
lates consistency between the wavelets corresponding to
each of the parameter sets and ridge shapes in each ofthe
partial regions, and determines the parameter set of the
highest consistency as the parameter set corresponding
to each of the pixels;

a label optimization processing function which updates the
parameter values of the parameter sets of each of the
pixels and each of neighboring pixels neighboring to
those pixels to optimal values with which mutual conti-
nuity of the parameter values becomes optimum; and

a ridge image generating function which generates the
ridge image by setting gray-scale values of each corre-
sponding pixel based on the parameter sets constituted
with the optimal values.

7. The fingerprint ridge image synthesis method according
to claim 5, wherein updating the parameter values of the
parameter sets of each of the pixels and each of the neighbor-
ing pixels to optimal values with which mutual continuity of
the parameter values becomes optimum further comprises:

calculating reliability of the parameter values of each of the
pixels based on the parameter values of the neighboring
pixels; and

calculating optimization values of each of the pixels based
on a difference in the reliability calculated by corre-
sponding to the neighboring pixels.

8. The fingerprint ridge image synthesis method according
to claim 5, wherein calculating the consistency between the
wavelets corresponding to each of the parameter sets and
ridge shapes in each of the partial regions further comprises:

setting sizes of partial regions as calculation targets of the
consistency by setting decay distance (t) of the wavelets
as the parameter value of the wavelet.

9. The fingerprint ridge image synthesis method according
to claim 5, wherein performing the continuous wavelet trans-
form processing on the partial regions within the fingerprint
image corresponding to each of the pixels based on each of
the different parameter sets further comprises:

applying oval wavelets constituted with different decay
distances for the partial region in which curvature of the
ridge in the fingerprint image is equal to or more than a
specific value.

10. The non-transitory computer readable recording
medium according to claim 6, wherein the instructions cause
the one or more processors to further execute:

an update value calculating function which calculates reli-
ability of the parameter values of each of the pixels
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based on the parameter values of the neighboring pixels,
and calculates optimization values of each of the pixels
based on a difference in the reliability calculated by
corresponding to the neighboring pixels.

11. The non-transitory computer readable recording
medium according to claim 6, wherein the instructions cause
the one or more processors to further execute:

a wavelet region variable setting function which variably
sets sizes of partial regions as calculation targets of the
consistency by setting decay distance (T) of the wavelets
as the parameter value of the wavelet.

12. The non-transitory computer readable recording
medium according to claim 6, wherein the instructions cause
the one or more processors to further execute:

an oval wavelet setting function which performs the con-
tinuous wavelet transform processing by applying oval
wavelets constituted with different decay distances for
the partial region in which curvature of the ridge in the
fingerprint image is equal to or more than a specific
value.
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